Plant synthetic biology aims to contribute to global food security by engineering plants with new or improved functionalities. In recent years, synthetic biology has rapidly advanced from the setup of basic genetic devices to the design of increasingly complex gene circuits able to provide organisms with novel functions. While many bacterial, fungal and mammalian unicellular chassis have been extensively engineered, this progress has been delayed in plants due to their complex multicellular nature and the lack of reliable DNA devices that allow an accurate design of more sophisticated biological circuits. Among these basic devices, gene switches are crucial to deploying new layers of regulation into the engineered organisms. Of special interest are bistable genetic toggle switches, which allow a living organism to exist in two alternative states and switch between them with a minimal metabolic burden. Naturally occurring toggle switches control important decision-making processes such as cell fate and developmental events. We sought to engineer whole plants with an orthogonal genetic toggle switch to be able to regulate artificial functions with minimal interference with their natural pathways. Here we report a bistable toggle memory switch for whole plants based on the phage PhiC31 serine integrase and its cognate recombination directionality factor (RDF). This genetic device was designed to control the transcription of two genes of interest by inversion of a central DNA regulatory element. Each state of the device is defined by one transcriptionally active gene of interest, while the other one remains inactive. The state of the switch can be reversibly modified by the action of the recombination actuators, which were administered externally (e.g. via agroinfiltration), or produced internally in response to an inducible chemical stimulus. We extensively characterized the kinetics, memory, and reversibility of this genetic switch in Nicotiana benthamiana through transient and stable transformation experiments using transgenic plants and hairy roots. Finally, we coupled the integrase expression to an estradiol-inducible promoter as a proof of principle of inducible activation of the switch.
MATERIAL AND METHODS

Construction and assembly of the GoldenBraid phytobricks
A complete list of all phytobricks used in this work can be found in Table S1 and their sequence information and assembly history is available at the GoldenBraid online repository (https://gbcloning.upv.es/). The list of oligonucleotides used to build them can be found on Table S2 . The level 0 parts of the PhiC31 integrase and its recombination directionality factor gp3 (RDF) were assembled as previously described to obtain the SET and RESET actuators (GB1531 and GB1531+GB1508 respectively) (1) . The registers were designed and assembled as described in Figure S1 . In detail, register PB Level 0 part (GB1495) was assembled in a 2 step PCR, (i) addition of attP to the 5' inverse sequence of TMtb using primers ALF15EN04 and ALF15NOV03 (ii) addition of the attB to the 3' of P35s (excluding its RBS) using primers ALF15EN05 and ALF15NOV04. Both parts (i) and (ii) were assembled at Level 0 in pUPD2 through a BsmbI-mediated restriction-ligation reaction. Register RL (GB 1514) was amplified from genomic DNA (gDNA) of transiently transformed N. benthamiana with register PB and PhiC31 integrase using primers ALF15DIC06 and ALF15DIC07. The reporter genes to be assembled into the register module were amplified from a pre-assembled TU of the GoldenBraid collection as described in Fig. S1B -C. In brief, TUs containing a P35S, followed by a CDS (DsRED, YFP or Fluc) and a Terminator were amplified using primers to obtain a 5'UTR(RBS):CDS:Terminator amplicon to be assembled as a Level 0 part; either to be used as the reverse CDS or direct CDS for the register. Reverse CDSs were amplified using primers ALF15DIC08 and ALF15DIC10 depending on the terminator used in the TU, Tnos and T35s respectively. Direct CDSs were amplified using the primer pairs ALF15DIC09 and ALF15DIC10 depending on the terminator used in the TU, Tnos and T35s respectively. The Register Modules (RMs) were assembled in a Level 1 reaction using three Level 0 parts: (i) reverse CDS, (ii) register PB or RL and (iii) direct CDS. All assemblies were performed as regular GoldenBraid reactions (2) .
Time-dependent characterization of reporter expression in transiently expressed and integrated register modules
Transient expression experiments were performed to test the SET and RESET recombination processes as described in the main text. For the initial characterization by transient expression, equal volumes of Agrobacterium cultures transformed with the register modules (GB1523, GB1524, GB1527, GB1528) and their appropriate operators were mixed (GB1531 (SET), GB1508+GB1531 (RESET) or GB0106 (SF negative control) and agroinfiltrated in wild type (WT) N. benthamiana plants. For the transgenic lines, only the aforementioned operators or GB0108 (P19) as negative control were used.
These cultures were first grown from glycerol stocks for two days until saturation, then 10 uL were sub-cultivated for 16h. Next, the cultures were pelleted, resuspended in the agroinfiltration buffer (10 mM MES, pH 5.6, 10 mM MgCl2, and 200 μM acetosyringone) and adjusted to the appropriated optical density (Table S3 ). Four to five weeks-old grown N. benthamiana plants in a stable condition of 24 °C (light)/20°C (darkness) with a 16-hlight/8-h-dark photoperiod were used. One plant per experimental point was used (1 to 7 days post infiltration (dpi)). Three consecutive leaves (third to fifth from the base) were infiltrated, half with the recombination mixture and half with the negative control. At each time-point, one sample per infiltrated leave was collected using a 0.8 cm cork-borer (approximately 20 mg of tissue for the luminescence quantification assays and 150 mg for the gDNA extraction) and frozen in liquid nitrogen immediately. Samples were grinded with a Retsch Mixer Mill MM400 for 1 min at 30 Hz and stored at -80ºC for subsequent analysis.
Confocal laser microscopy
Agroinfiltrated leaves of N. benthamiana were examined at 5 dpi by confocal laser microscopy with a ZEISS 780 AxioObserver Z1 to visualize the yellow fluorescent protein YFP (λex = 514 nm; λem = 518-562 nm) and DsRED (λex = 561 nm; λem = 563-642 nm) fluorescence. Images of 9-16 tiles were taken to visualize a larger area and processed with ZEN lite 2.5 lite and FIJI softwares.
Firefly and renilla luciferase luminescence quantification
Firefly lucirerase (Fluc) and renilla luciferase (Rluc) activities were determined using the DualGlo® Luciferase Assay System (Promega) manufacturer's protocol with minor modifications. Homogenized leaf disc samples were extracted with 375µl of 'Passive Lysis Buffer,' vortexed and then centrifuged for 10 min (14,000×g) at 4 °C. Then, 7.5 µl of supernatant were transferred to a 96-well plate and 30 µl of LARII added to quantify the Fluc activity. Finally, 30 µl of Stop&Glow Reagent were used to measure the Rluc activity. Measurements were made using a GloMax 96 Microplate Luminometer (Promega) with a 2s delay and a 10s measurement. Fluc/Rluc ratios were determined as the mean value of three biological replicates coming from three independent agroinfiltrated leaves of the same plant.
Generation of N. benthamiana transgenic plants
Fully expanded leaves were sterilized and used to obtain 0.5 cm diameter leaf-discs with a cork-borer. After an overnight incubation in co-culture medium (MS supplemented with vitamins (Duchefa), 3% sucrose (Sigma-Aldrich), 0.8% Phytoagar (Duchefa), 1 µg/mL BAP (Sigma-Aldrich), 0.1 µg/mL NAA (Sigma-Aldrich)) the leaf-discs were inoculated for 15 min with the A. tumefaciens strain LBA4404 carrying the register module construct Table S1 ). Then, the discs were returned to the co-culture medium and incubated for 2 days in darkness. Next, discs were placed in the selection medium (MS supplemented with vitamins (Duchefa), 3% sucrose (Sigma-Aldrich), 0.8% Phytoagar (Duchefa), 1 µg/mL BAP (Sigma-Aldrich), 0.1 µg/mL NAA (Sigma-Aldrich), 500 µg/mL carbenicillin, 100 µg/mL kanamycin. Discs were transferred to fresh medium periodically until the callus and then the explants were formed (5-8 weeks) . Explants were cut off and planted in rooting medium (1/2 MS supplemented with vitamins (Duchefa), 3% sucrose (Sigma-Aldrich), 0.8% Phytoagar (Duchefa), 0.1 µg/mL NAA (Sigma-Aldrich), 100 µg/mL kanamycin) until enrooted. All in vitro steps were carried out in a long day growth chamber (16 h light/ 8 h dark, 25ºC, 60-70% humidity, 250 µmol·m-2·s-1 photons). Samples for phenotyping were collected once the plants were sufficiently developed to harvest 20 mg of tissue to perform the Fluc and YFP quantifications. T1 seeds of Fluc and YFP positive plants were selected for a segregation analysis of the transgene in kanamycin plates.
Those scored as a single copy by the chi-square test were used for subsequent experiments.
Generation of N. benthamiana transgenic hairy roots
Wild type and PB LUC:YFP T1-2 N. benthamiana plants were used for transformation with A. rhyzogenes strain 15834 transformed with the EI LUC or EI PhiC31 constructs ( Fig. 5A , Table S1 ). Fully expanded leaves were used to obtain sterilized leaf-discs which were cultivated for one day in co-culture medium without hormones. Saturated agrobacterium cultures were sub-cultivated and grown overnight. The culture medium was removed by centrifugation at 4.500 rpm for 15 min and then the bacterial pellet resuspended and adjusted with MS to an OD600 = 0.3. Those cultures were employed for inoculation of the sterilized leaf-discs for 30 min under agitation. Next, the leaf-discs were blotted, placed in the co-culture medium and chilled in darkness for 2 days. After that, the discs were transferred to the selection medium without kanamycin nor hormones.
The medium was renewed periodically until roots emerged. Transformed roots were selected using a Leica MacroFluo MZZ16F with a DsRED filter. See "Generation of N. benthamiana transgenic plants" for the culture medium and growth conditions.
Estradiol induction experiments
Individual DsRED(+) hairy roots transformed with the EI LUC and EI PhiC31 constructions were divided in two portions and separated in MS medium supplemented or not with 20 μM β-estradiol (Sigma-Aldrich). After 3 days, bright field and red fluorescence images were acquired using a FujiFilm LAS-3000 imager. Then, 100 μM luciferin diluted in MS was added and incubated for 30 min previous acquisition of the chemiluminescence images with the same device. Finally, all the roots were transferred to new MS medium without estradiol and grown for 7 days to repeat the imaging process. For the chemiluminescent imaging the "Ultra" mode was employed with 1 sec of exposition time.
Samples of induced roots were collected and stored at -80ºC to perform Fluc/Rluc quantification and PCR-analysis. The grow conditions of "Generation of N. benthamiana transgenic plants" applies for this section too.
YFP quantification
Samples of T0 N. benthamiana transgenic plants were used for the YFP quantification using a VICTOR X5 2030 (PerkinElmer), excitation filter F485 and emission filter F535-40. Grinded samples were added with 150 μL of PBS 1X, vortexed and then centrifuged at 13.000 rpm for 10 min at a 4ºC. Finally, 10 μL of the extract were pipetted to a 96-well plate and measured with the spectrofluorometer. The YFP values are expressed as the mean of the measure of three independent leaves from the same plant.
Genomic DNA extraction and PCR amplification
Genomic DNA was extracted following the C-TAB protocol (3). The obtained gDNA was used for amplification of the register module using MyTaqTM DNA Polymerase (Bioline) and a pair of specific primers for the PB or RL configuration and the PhiC31 recombinase (Table S2 ). The amplification was confirmed on 1% agarose gel electrophoresis.
INTRODUCTION
Plant synthetic biology (PSB) is an emerging field that combines the engineering principles of decoupling, abstraction and standardization with plant biology to provide plant systems with new traits and functions (4) . Plants naturally offer a myriad of metabolic resources that could be harnessed by modern synthetic biology to tackle current challenges in alimentation, energy production, pest management, or production of valuable biologicals for medicine and industry (5) . Recent efforts have been focused on introducing metabolic pathways to create new traits such as vitamin production or glycolate metabolism (6, 7) , fixation of atmospheric nitrogen (8) , increased yield or improving photosynthesis (9, 10) . Nevertheless, the implementation of these new functions requires precise regulation of the new genetic networks to ensure an optimal use of the plant resources and avoid deleterious effects. The introduction of complex programmed genetic networks in bacterial and mammalian systems has been a great success, achieving engineered organisms that behave as cellular computing devices that have substantial biotechnological and therapeutic impact (11) . This success has been possible due to the previous development and extensive characterization of genetic devices and molecular tools that, combined, generate increasingly complex functions. However, the translation of these complex genetic circuits to plants has been challenging due to the limited availability of well-documented genetic elements as well as the technical limitations of high-throughput plant transformation and circuit characterization (4, 12) . Current efforts in PSB are focused on developing reliable DNA assembly standards (phytobricks) to allow more efficient biodesign and characterization of plant functions (1, 13) .
Among the diverse synthetic biology tools developed in the past years, basic memory devices as e.g. transcriptional toggle switches have been pivotal in allowing the design of increasingly complex genetic circuits (14) . Traditional inducible control systems lacking memory functions require a constant supply of actuators (activators or repressors) for a sustained control of cell outputs, often imposing a metabolic burden to the cell (15) . In contrast, toggle switches provide the ability to respond to punctual external inputs with a sustained response. Applied to crop plants, gene memory devices could facilitate the deploy of new layers of genetic control over agronomically-relevant outputs such as flowering time, stress response or the biosynthesis of added value metabolites. Furthermore, memory systems circumvent the need for continuous addition and monitoring of external inducers, which can be expensive and difficult to control, especially in large settings as crop fields. While several non-memory chemically-inducible systems have been adapted to plant biotechnology, such as ethanol (16) , glucocorticoids (17, 18) , copper (19, 20) or insecticides as methoxyfenozide (21) , memory devices adapted and/or engineered for the plant chassis are almost absent. As a notable exception, Müller et al., on the interaction of Arabidopsis thaliana PhyB-PIF6 proteins. This approach showed remarkable spatiotemporal resolution of gene expression. However, this system relies on light for activation, thus, its adaptation to whole plants can be challenging in applications in which the illumination conditions cannot be strictly controlled, as in open field applications. Additionally, the memory of this optogenetic system is based on the slow dissociation rate of the PhyB-PIF6 protein-protein interaction, which will result in eventual inactivation due to the decay and dilution of the protein components, making this system unsuitable for applications in which information needs to be maintained for long periods of time or transmitted over generations. Therefore, alternative gene memory switches for plants that allow long-term and inheritable memory storage are critically needed to enable the advancement of the field.
Synthetic genetic memory can be built through diverse mechanisms, such as transcription-based double negative feedback loops, positive feedback loops or DNA recombination (23, 24) . Integrases are a group of DNA-actuating enzymes found in temperate bacteriophages that catalyze site-specific recombination (SSR) (25) . Serine integrases catalyze the recombination of attP and attB attachment sites, generating hybrid attR and attL sites in a strictly unidirectional reaction. This process can be reversed in the presence of an excisionase or recombination directionality factor (RDF), which in combination with the integrase can catalyze the recombination of the attR-attL sites into attP-attB again (26) . This specific DNA recombination event can result in a variety of DNA-rearrangements (integration, excision, inversion and translocation) depending on the topology of the initial DNA molecules and the orientation of the recombination sites. SSR mechanisms of diverse integrases have been extensively exploited in bacteria and mammalian cells to engineer reversible synthetic memory devices and complex logic circuits. Examples include counting cellular events (27) , store and rewrite biological data in the chromosome (28) , control the flow of the RNA polymerase along the DNA and thus amplifying the expression of a reporter gene (29) and to engineer complex regulatory circuits (30) (31) (32) . Although SSR systems have been used in plants before, all the efforts have been focused in transgene engineering for crop breeding rather than in the design of memory devices for the control of gene expression (33, 34) . Some of their uses include the removal of foreign DNA (35) , stacking agronomic-valuable traits (36) , and chloroplasts engineering (37) .
Here, we created the first toggle memory switch for whole plants based of the phage PhiC31 serine integrase and its cognate recombination directionality factor, RDF (38) . The switch was designed to control the transcription of two genes of interest, one of which is initially ON, while the second one remains in OFF status. The state of the switch changes by punctual supply of integrase to the cell, and the memory of the new status is maintained until intentionally reversed by a combined new supply of integrase and RDF. The components of the genetic switch were designed for plant expression and standardized by using the GoldenBraid (GB) DNA assembly platform and software to allow easy adaptation of this tool to other PSB applications (1) . We extensively tested the kinetics, memory and reversibility of this genetic device in Nicotiana benthamiana through transient and stable transformation experiments using transgenic plants and hairy roots. Additionally, we coupled the integrase expression to an estradiol-inducible promoter as a proof of principle of externally-induced activation of the switch.
RESULTS
Design of a modular reversible genetic switch for plant systems
To design a reversible genetic switch for plant expression, we adapted a previously reported strategy (28) to the phage PhiC31 integrase and its cognate RDF (38) . This genetic switch comprises a flippable DNA promoter element flanked by the PhiC31 attP and attB recombination sites in opposing orientations, named as register PB ( Figure 1A ).
In the initial state, the switchable promoter drives the expression of a gene of interest (GOI2) positioned downstream of the register PB in the direct DNA strand. The orientation of the promoter can be switched by action of the PhiC31 integrase, which catalyzes attPxattB recombination into attR and attL respectively (SET), flipping the DNA segment resulting in a new register RL. As a result, the register RL now drives the expression of a second GOI located in the reverse strand (GOI1), while GOI2 expression has been turned off. Our goal was to design a reversible genetic switch, therefore the register RL can be reversed to the PB state by the combined action of the PhiC31 integrase and RDF factor, which catalyze attRxattL recombination into attP and attB (RESET), resulting in the reconstitution of the initial register PB and expression of GOI2 while GOI1 is inactivated.
To maximize the exchangeability and reusability of this this genetic device for PSB applications, we took advantage of the modularity of GB to structure our genetic switch in three standard and interchangeable parts: (i) the direct coding sequence (CDS) encoding GOI2, (ii) the registers PB or RL, and (iii) the reverse CDS encoding GOI1 ( Fig. S1A ).
Reverse and direct CDSes can be easily created from any Transcriptional Unit (TU) conforming the phytobrick standard, as e.g. those available at the GB collection ( Fig. S1B and S1C). The register comprised the strong CaMV35S promoter (P35S) and an upstream tomato Metallothionein B terminator (MTB) in opposite orientation as an insulator to avoid any leaky backward expression. Recombination sites were inserted flanking the terminator and promoter elements. Since incorrect insertion of the att site close to the transcription start site (TSS) or ribosome binding site (RBS) could hinder efficient expression, this was inserted in the 5' untranslated region (5'UTR) of the P35S, downstream of the TATA box and upstream of the RBS, keeping them intact (Fig. S1A ).
The registers were named according to the 5'-3' order of the att sites: register PB (attP-attB sequences, GB1494) and the register RL (attR-attL, GB1506). The three elements can be assembled in a single step Golden Gate-like reaction to create the so-called register module (RM). The actuators of the SET and RESET operations were adapted for in planta expression and incorporated to the GB collection: Pnos:PhiC31:Tnos (GB1531) and P35S:RDF:T35S (GB1508).
To test the functionality of the toggle switch in plants, yellow fluorescent protein (YFP) and DsRED were selected as direct and reverse reporters respectively. The reporters were then combined with the PB and RL registers to create the PB DsRED:YFP and RL DsRED:YFP RMs. Next, we performed Agrobacterium-mediated transient expression in Optimal levels of each actuator were experimentally determined by titrating the optical density (OD) of the respective Agrobacterium cultures, a parameter which is known to correlate with the amount of T-DNA delivered to the transformed cells (1) (Fig. S4 ).
Agroinfiltrated leaves were sampled and analyzed for Fluc and Rluc expression every 24h for 7 days (Fig. 3) . As anticipated, the RMs where Fluc expression turns on upon performing operations (SET PB LUC:YFP and RESET RL YFP:LUC) responded to actuator delivery with a rapid increase in Fluc/Rluc levels, reaching a maximum at 5 days post infiltration (dpi). Concomitantly with Fluc activation, YFP levels decreased markedly when measured in the same infiltrated areas at 5 dpi ( Fig. 3A and 3C, Fig. S5B ). Reporter Fluc/Rluc induction levels for the transgenic lines were 13-fold and 15-fold for the SET and RESET operation respectively. Additionally, while Fluc levels were sustained over time for the SET operation (Fig. 3A) , Fluc/Rluc signal showed a slow decrease after 5 dpi for the RESET operated RMs (Fig. 3C ). This could be caused by an excess of PhiC31 integrase not bound to RDF, which would cause multiple RESET/SET recombination cycles decreasing the stability of the measurements. On the other side of the equation, those RM conformations where Fluc turns off upon commutation (SET PB YFP:LUC and RESET RL LUC:YFP), showed a moderate but consistent decrease of Fluc/Rluc levels in parallel to a clear activation of the YFP signal when commuted by agroinfiltration ( Fig. 3B and 3D, Fig. S5A ). Altogether, these results show that the SET or RESET operations take place correctly in the genomic context of stably transformed plants.
Stable and reversible memory storage over a full SET/RESET cycle in whole plants
A distinctive feature of a PhiC31-based memory device is the long-term stability of commutations based on DNA recombination (39) . Our primary goal was to create a switch that could alternate between two different configurations and whose memory status could be transmitted to the progeny. To this end, we set out to test the memory and reversibility of the switch by performing a full SET/RESET cycle in N. benthamiana lines with the RMs integrated in the genome. As successive agroinfiltrations of the actuators would result in excessive damage to the plants for accurate analysis, we decided to generate commutated calluses after the first SET operation, to then perform the second RESET operation on fully regenerated plants. In the first place, the efficiency of the SET and RESET operations was tested in the context of in vitro Agrobacterium-mediated plant leaf disc transformation. RL LUC:YFP and PB YFP:LUC lines were used to follow the course of the transformation through YFP expression activation (Fig. S6A ). This approximation showed that the SET operation produced twice as much fluorescent callus than the RESET (Fig. S6B-C) . However, these transformations ended with highly chimeric calluses which eventually would yield plants with mixed states of the RMs, probably because the recombination took place in an advanced stage of the callus generation process. We reasoned that performing the SET or RESET operation by agroinfiltration prior to the in vitro regeneration would increase the initial population of commutated cells, raising the chances to obtain fully commutated calluses and subsequently fully commutated plants. For the same reason, we limited the experiment to the SET operation which showed to be more efficient. Therefore we conducted the experiment illustrated in These results were also genotypically confirmed by PCR-amplification of the commuted tissue, as compared to control samples (Fig. 4E) . Altogether, these experiments showed that the toggle switch, once integrated in the genome can effectively perform a full cycle of SET/RESET operations.
Chemical induction of PhiC31 controls SET operation in N. benthamiana hairy roots
Master regulators are essential for engineering synthetic gene networks in which metabolic fluxes can be deviated among different pathways. So far, we have demonstrated that our plant-custom-made PhiC31-based toggle switch can alternate between two defined states and maintain memory, a key feature of a master regulator.
However, we relied on agroinfiltration to induce a state change by expression of the SET and RESET effectors, which does not allow precise spatiotemporal control of expression.
We sought to achieve tighter control over the recombination process by coupling the expression of PhiC31 to an estradiol-inducible system, which was named estradiolinducible PhiC31 (EI PhiC31). To this end, a GB module was assembled, encompassing We used A. rhyzogenes to stably transform the EI PhiC31 system into the previously described PB LUC:YFP line. This transformation system enables the regeneration of roots which are an ideal system for high-throughput chemical screening. We performed the estradiol-induction (EI) experiments as shown in Fig. 5B . Successfully transformed DsRED(+) roots were incubated with or without estradiol. The roots were then imaged for luminescence resulting from activity of the Fluc reporter. Subsequently, the roots were transferred to new estradiol-free MS plates and incubated for 7 days before imaging again. In parallel, WT N. benthamiana was transformed with a construct bearing an estradiol-inducible Fluc reporter as a positive control with no memory device (EI LUC).
As shown in Fig. 5C and Fig. S7 , roots transformed with EI LUC had a quick increase of luminescence at 3 days post-induction (3 dpi) and lost most of the signal at 10 dpi. On the other hand, EI PhiC31 root lines maintained activity over time up to day 10, as expected for a memory switch. Unexpectedly, several EI PhiC31 root lines (depicted here lines 2C and 4C) showed high Fluc background in the absence of estradiol, probably due to leaky activation of the estradiol inducible system. Only weak Fluc lines (line 1C) showed no leaky background, and although Fluc intensity at 3dpi was almost undetectable, it reached moderate levels at 10dpi, indicative of a memory-based sustained activation. In order to confirm this, we performed specific PCR-amplification of the RL LUC:YFP configuration (Fig. 5D ). P1B-2C and P2B-4C showed RL LUC:YFP amplification before and after induction with estradiol, confirming that the leakiness was caused by an unwanted early switching of the RM. On the other hand, P2B-1C showed no amplification of RL LUC:YFP before induction but strong amplification after induction with estradiol.
This result supported our hypothesis that P2B-1C increase in Fluc activity was due to an estradiol-inducible SET operation of the switch. Subsequently, we quantified the luminescence at 10 dpi comparing induced and non-induced roots for each line (Fig. 5E ).
P1B-2C and P2B-4C lines showed a slight increase of 2-3 fold after induction, while P2B-1C showed a 16-fold induction and a substantially lower Fluc/Rluc ratio compared to the leakiness-induced roots. In conclusion, these results show that a chemically-inducible PhiC31 actuator that can control the activation of a genetic memory switch is achievable.
However, further optimization of the induction system is required to avoid leaky expression of the PhiC31 integrase. Factors as the genomic localization of the transgene or its copy number could result in low basal or sporadic expression of the PhiC31 integrase, resulting in an unwanted permanent change in the toggle switch.
DISCUSSION
Here we sought to expand the molecular toolbox for PSB by designing a bistable and reversible toggle switch for whole plants. Tools to engineer genetic memory in plants are currently limited, being a red-light controlled memory switch for protoplasts the only option available (22) . While this system provides great spatiotemporal resolution of gene induction, its adaptation to full plants is challenging due to strict light requirements as well as limitations performing long-term and inheritable memory storage. Serine integrases are powerful tools that can induce a stable change in the DNA and have extensively been used for many applications, including the design of toggle switches for bacteria and mammalian cells (40) . We adapted the previously described bacterial switch by Bonnet et al., 2012, which was based on the Bxb1 phage integration system (28) . We decided to use the PhiC31 phage integrase and RDF because this integrase has been previously used for genomic engineering in plants, and also suited better the grammar of our GB cloning system. The architecture of the switch was designed to be fully modular, so it can be easily adapted to control the expression of any GB-domesticated downstream gene by performing a single-step GB assembly reaction. This effect was probably due to the combined effect of slow decay of the reporters and the incomplete switching on the RMs of all the cells analyzed, especially during the RESET operation involving RDF. Phage RDFs have been studied due to their ability to reverse the directionality of a SSR reaction via direct interaction with the cognate integrase, i.e. to catalyze attRxattL reaction (38, 41) . However, this reaction has shown to be inefficient when the stoichiometry of the integrase and RDF is not optimal, because integrase unbound to the RDF can catalyze the attPxattB reaction, entering a bidirectional cycle of PB-RL-PB recombination. Bonnet et al., 2012 also observed this effect when developing their bacterial toggle switch based on Bxb1 and Xis (RDF) as separate TUs.
In fact, these authors postulated that the system enters in a bidirectional regime if the concentration of the excisionase is too low relative to the integrase. Therefore, these authors tested several combinations of genetic constructs to increase the excisionase expression levels and reduce the half-life of the integrase achieving an unidirectional reaction with 90% efficiency. We followed a similar approach by increasing RDF expression levels through the CaMV35 promoter, which has about 10-fold higher expression than the Nopaline Synthase promoter used to express the PhiC31 integrase Therefore, we decided to induce SET in a stable PB YFP:LUC plant, to then successfully regenerate in vitro new fully switched RL YFP:LUC plants. We monitored the regeneration process with YFP and DNA genotyping finding a number of un-commutated and partially commuted (chimeric) plants. Nevertheless, 30% of the regenerated plants showed complete commutation into RL YFP:LUC RM and constitutive expression YFP, demonstrating that the switch is able to record the SET event keeping its memory. This also indicates that the SET operation can be fully completed in plant systems as it is in bacteria (43) . Presumably, such change at the DNA level of somatic T0 cells should be transmitted to the progeny as other authors reported in Arabidopsis thaliana for Bxb1 (44) and PhiC31 (45) . Subsequently, we induced RESET on the new generated RL YFP:LUC Finally, we attempted to couple the expression of PhiC31 integrase to an estradiolinducible system, as a proof of concept of externally inducing the SET operation to control the toggle switch in benthamiana hairy roots. Several transgenic root lines showed unwanted activation of the switch due to leaky expression of the integrase. Chemicallyinducible systems with low basal expression have been reported in plants (16) (17) (18) (19) 21) ; however most of these systems were tested in Arabidopsis, and it is possible that chassisspecific conditions (e.g. phytosterol contents) could also determine background expression levels of actuators, which can produce the commutation of the RM. This should be taken into consideration in the design of complex circuits based on PhiC31.
Regulation of site-specific DNA excision has been previously reported with the tyrosine recombinase Cre/loxP system in A. thaliana using the XVE induction system (46) . In this study the authors counter-selected the leaky transformation events by flanking the inducible recombinase and the selection marker with the loxP sites. If leaky, the recombinase would excise this cassette and therefore the transformats would be lost in a selection media. In this work we did not apply negative selection pressure, so all the transformation events were kept. Luckily, we were able to recover one root line with low basal expression but still commutable upon estradiol induction. After activation, low but sustained expression of the Fluc reporter was observed. Similar results were obtained by Hoff et al., 2001 when using heat-shock regulated Cre/loxP (47) . They found the system was leaky but still inducible, and that induction worked better in lines with low reporter gene expression like was our case. In order to circumvent this issue, different strategies as the use of degradation tags to regulate the half-life of the integrase or an induction system relying on logic gates to regulate expression of the operators could be implemented. In this regards, a split PhiC31 integrase that can be reconstituted after trans splicing of both components has been developed recently (48) .
Summarizing, in this work we created the first modular memory switch for plants making use of the phage PhiC31 integration system. This switch showed to be bistable, reversible and operable, although future efforts will be needed in order to optimize the RESET reaction and avoid unwanted activation. Even though the complexity of big multicellular organisms can be a challenge for extensive characterization of new molecular tools, new advances in the field will allow harnessing their potential. We expect that this system will provide a new tool for PSB that will enable engineering of more complex gene networks and circuits. S1: Constructs generated in this study. Sequences are accessible at GB cloning website using the GB database ID. Table S2 : oligonucleotides used in this study. Table S3 : agroinfiltration cultures and their respective OD600 used in the experiments of Fig. 3 and Fig. S4 . 
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